This work assesses the reuse of waste expanded polystyrene (EPS) to obtain lightweight cement mortars. The factors and interactions which affect the properties of these mortars were studied by ad-hoc designs based on the d-optimal criterion. This method allow multiple factors to be modified simultaneously, which reduces the number of experiments compared with classical design. Four factors were studied at several levels: EPS type (two levels), EPS content (two levels), admixtures mix (three levels) and cement type (three levels). Two types of aggregate were also studied. The workability, air content, compressive strength, adhesive strength, bulk density and capillary absorption were experimentally tested. The effect of factors and interactions on the properties was modelled and analysed. The results demonstrate how the factors and synergistic interactions can be manipulated to manufacture lightweight mortars which satisfy the relevant EU standards. These mortars contain up to 60% of waste EPS, low 
Introduction
Expanded polystyrene (EPS) is a low-density, inert, hydrocarbon thermoplastic that is stable in the presence of most chemicals with the exception of concentrated acids, organic solvents and saturated aliphatic compounds [1] . It is commonly used in a variety of applications because of its low density, high thermal insulation, moisture resistance, durability, acoustic absorption and low thermal conductivity [2] . The amount of waste EPS is increasing due to increasing use in thermal and acoustic insulation, packaging, and reusing and storing food. Therefore, over 30 countries have signed an international agreement to maximize reuse and recycling of EPS [3] .
EPS has been recently used as foam core in lightweight structural insulated panels used to protect from the impact of windborne debris [2, 4] or to design thermally insulating composites made with foamed cement pastes [5] . There are also several studies which use EPS as a lightweight aggregate in concrete. In particular, the mechanical properties of such concretes have been characterised and the impact of using EPS with different grain sizes, organic admixtures and other additions such as fly ash and silica fume evaluated [6] [7] [8] . Other studies have characterised the mechanical and thermal properties of concrete containing EPS [9, 10] .
However, only a limited amount of research has investigated commercial EPS [11] or various types of waste EPS in cement mortars [12] [13] [14] [15] . The properties of lightweight cement mortars containing EPS, where Portland cement (CEM I) was replaced by cements with lower clinker (CEM II and CEM III), has recently been reported [16] . Due to the high volume of waste EPS it is important to develop new beneficial reuse applications for this material.
The aim of this research was to assess the reuse of waste EPS to obtain sustainable lightweight mortars with durable properties that can be used for masonry, rendering and plastering applications. Ad-hoc or fitted experimental design was used in this study to analyse the impact of design factors and interactions on the studied properties. The type of waste EPS, EPS content, cement type and the mix of admixtures were the chosen factors, while two aggregate types were also studied. These factors and their interactions determine the final properties of these mortars. The workability, air content, compressive strength, adhesive strength, bulk density and capillary absorption were determined.
With classical experimental design it is possible to know the effect of a factor on the studied property by varying one factor and monitoring the relevant property. Nonetheless, variation in the property is in reality related to a combined process involving multiple factors, rather than a single factor. Ad-hoc design allow multiple factors to be modified simultaneously, which reduces the number of experiments compared with classical experimental design. Moreover, it allows both the simultaneous effect of individual factors and synergic effects, resulting from interactions between factors, to be evaluated. The final result on the property is a combination of the two aforementioned effects. They need to be evaluated together and the interactions
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cannot be ignored, unless they are not significant for the studied property. These two effects can be positive, increasing the studied property, or negative, decreasing it. Understanding these effects allows manipulation of the levels of the studied factors to manufacture sustainable lightweight mortars with durable properties. While there is limited research using statistical designs to produce mortars or concrete containing waste materials, such as: full factorial designs [10] , standard orthogonal arrays [17] or mixture experimental designs [18] , as far as the authors are aware no studies have used fitted factorial designs to assess the impact of four factors and the synergic effect of the interactions on the final properties of lightweight cement
mortars.
The results demonstrate how the factors and synergistic interactions can be manipulated to manufacture sustainable lightweight mortars, which contain up to 60% of waste EPS, low amounts of admixtures and low clinker content CEM III, that are suitable for masonry, plastering and rendering applications.
Materials and methods

Materials
Three types of cement were used: Portland cement type CEM I 52. Table 1 . Two types of aggregate with different grain size and mineralogy were used: standard silica sand with bulk density of 1.77 g/cm3, complying with EU standard EN 196-1:2005 [19] and crushed limestone sand from Foncalent quarry (Alicante, Spain) with a bulk density of 1.85 g/cm3. Figure 1 shows the grain size distribution for both types of sand, measured according to EN 1015-1 [20] .The main difference between both types of sand is the amount of fine particles, which determine the water demand of the mortar.
Ground and powdered EPS were supplied by "Asociación Nacional del Poliestireno Expandido"
(ANAPE, Madrid, Spain) [1] . The differences between the two types of EPS were mainly related to particle size. Both types were obtained by mechanical grinding and sieving recycled EPS.
100% of the ground EPS (EPS gr) particles passed through a 1 mm sieve and the bulk density was 0.013 g/cm3. Powdered EPS particles (EPS pw) passed through a 0.5 mm sieve and had a slightly higher bulk density of 0.022 g/cm3. An air-entraining agent (A, BASF Rheomix 934), a water retaining admixture (R, Hydroxypropyl methylcellulose TER CELL HPMC 15 MS PF), a superplasticizer (S, BASF Rheomix GT 205 MA) and a dispersible polymer (V, VINNAPAS 5028 E) were also used to make mortar samples.
Preparation of mortars
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All mortars were prepared using distilled water and a binder/sand weight ratio of 1:3, following the procedures described in EN 196-1 [19] . Due to the different fines content of the aggregates, and in order to get suitable workability, the water/binder ratio was 0.5 for mortars made with standard silica sand, and 0.6 for mortars made with crushed limestone sand. The EPS was dosed as an addition to the total mortar volume, expressed as the apparent volume of sand (v/v%). Admixtures were added to mortars as a percentage of the weight of cement (w/w%).
Experimental design methodology: Ad-hoc designs. D-optimal criterion
Factor selection was based on previous work [12, 13, 16] . Selected factors were: EPS addition content and type of EPS (to study the influence of particle sizes and shape), cement type and the admixture mix (Table 2 ). Sand type was not included as a factor, although its influence was investigated. This was for practical reasons, because the type of sand available to manufacture cement mortars varies geographically. Two levels were set for factor A, type of EPS: ground EPS (EPS gr) and powdered EPS (EPS pw) ( Figure 2 ). The factor D, cement type, was set at three levels: CEM I 52.5R, CEM II/A-S 42.5N and CEM III/A 42.5N. The flow table method [21] was used to determine the levels of factors B and C, EPS content and admixtures mix, respectively. The EPS content and admixtures were chosen to obtain a suitable workability for masonry mortars. According to the EU standards [22] To identify curvatures in the response as an effect of changing the level of a given factor, it is necessary that the factor for which a non-linear response is expected has at least three levels.
In this way, the possible existence of interactions between factors is analysed. As a consequence the equation which describes the fitted design proposed to relate the experimental response, "y", with the 4 factors is the so called presence-absence model, which is described by the Equation 1:
where xij (i = A, ..., D indicates the factor and j=1,.., 2 or 3 indicates the level) are binary variables equal to 1 when the i-th factor is at the j-th level, and 0 in any other case. 0 is the intercept and the 56 are the coefficients of the model;  is a random variable which follows a normal distribution with zero mean and constant standard deviation . The first eleven terms
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describe the main effects, for instance: 2 is the effect caused by setting the factor B at the level 2 (50% EPS content). The following 45 terms describe the effect of the interactions. For example, 3 2 is the combined effect of set the mix of admixtures in 0.4A/0.1R/0.5S/6V and use CEM III. Further details about the procedure used can be found in the literature [23] .
Once the levels for each factor have been decided, the D-optimal experimental design or fitted design [24] obtained using NemrodW [25] is transformed into the experimental work plan in Table 3 , which shows the composition of the 36 mortars made to test each of the properties.
This design allows very accurate estimation of the effects, since the variance inflation factors obtained were lower than 2.1.
Since the type of sand was not included as a factor in the experimental design, the experimental plan is the same independently of the type of sand used to manufacture the mortar. In this way, the 36 mortars given for the experimental work plan (Table 3) were made for each type of aggregate (silica sand and crushed limestone sand) to assess the influence of the type of aggregate on the properties of cement mortars containing waste EPS. Therefore, the design of the mortar can be optimised depending of the mineralogy of the available sand.
To help the reader with the interpretation of the results, six control mortars were made for each type of cement and sand, without EPS and admixtures. These data are included at the beginning of each subsection in Section 3, Results and Discussion.
Mortar characterisation
Workability and air content
The flow table method [21] was used to test the workability of the mortars and to determine the amount of waste EPS and admixtures to add to the mortars. This test is a measure of the fluidity and moisture content in the fresh mortar. The content of EPS and admixtures were chosen to achieve a suitable workability to use for masonry and rendering applications [22] . That is a flow table spread of 175 ± 10 mm for mortars with a bulk density above 1200 Kg/cm3, and 160 ± 10 mm for mortars with bulk density between 600 and 1200 Kg/cm3. The air content in fresh mortars was tested according to EN 1015-7:1999 [26] . This property is related to the mortar workability and the capacity of the cement paste for give cohesion to the composite.
Compressive strength, bulk density and adhesive strength
Three 4x4x16 cm specimens for each mix given in the experimental work plan were produced to test compressive strength. The samples were cured under water for 28 days at 20 ± 2C temperature and then tested using an hydraulic press (OMADISA 34. A C C E P T E D M A N U S C R I P T 
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Capillary water absorption
Capillary water absorption of mortars was determined according to EN 1015-18:2003 [29] .
Three specimens of 4x4x16 cm were made for each of the mortars shown in Table 3 . The specimens were kept in moulds for 2 days and subsequently cured underwater for 5 days. After curing, specimens were cut in half, and dried in an oven at a temperature of 65 ± 2 ºC. After drying, the lateral sides of each specimen were sealed with an Epoxy waterproof paint 
Scanning electron microscopy (SEM)
The microstructure of selected samples was studied by examining fracture surfaces using scanning electronic microscopy (SEM, Hitachi S-3000N with BRUKER X-Flash 3001 detector).
This method allows to visualise the differences between the two types of EPS used in this research. Figure 2a shows some EPS pw particles completely incorporated in a cement mortar sample, while Figure 2b shows the same for EPS gr particles. In Figure 2a it is possible to see how EPS pw particles have lost the typical honeycomb structure, characteristic of commercial EPS pearls, probably due to the grinding process. These EPS pw particles were covered by cement paste, and it is very difficult to distinguish the interface between this EPS and the cement paste. However, in Figure 2b , EPS gr particles are very easy to identify, as well as the cement paste-EPS interface. EPS gr particles maintain the characteristic honeycomb structure, because the grinding process is less intensive in this case. Table 4 shows that the chosen fitted design was significant, with p-values < 0.05 for all the properties, apart from the adhesive strength. Nonetheless, the model was used to make predictions of the adhesive strength of mortars made with silica sand, because it was significant to a 0.10 level, which is an acceptable level of significance for engineering applications.
Results and discussion
Individual factors and interactions
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
Nevertheless, the proposed model does not describe the experimental data for mortars made with crashed limestone sand. In this case, the model was not significant, since the p-value was 0.48.
Regarding the coefficient of determination R 2 , Concerning the residual standard deviation S yx , no significant differences were detected when the type of sand was changed, except for the air content and the capillary absorption (Table 4) .
In these cases, S yx for mortars made with crushed limestone sand was lower than for mortars made with silica sand. This could be due to the higher amount of water in mortars made with crushed limestone sand, which produces more homogeneous mortars with less variation in properties. It is worth noting that, since the model is not valid for adhesive strength, it is not valid for making predictions about S yx for this property.
Once the suitability of the proposed fitted design has been proved, the next step is to analyse the effect of changing the levels of the factors, as well as their interactions, for the mortar properties, using the presence-absence model (Equation 1). If all the binary variables are zero all the effects of the factors are absent, and then the model adopts the value b 0 , which is the estimation of 0 . Hence, the value for the studied property is obtained, regarding which the effect of set each factor to a given level is assessed. It should be remembered that once the value of the binary variables is fixed, for example x A1 =1 and x B2 =1, that is to use powdered EPS at 50% content, then the value of the interactions between both factors is also fixed. each coefficient is a standardised value, which is the coefficient divided by the standard deviation. As a result, the length of the bars is not the value of the coefficient, but is proportional to them. For instance, in Figure 3a the coefficient A1 is -7.5 (significant) and the coefficient D1 is -11.0 (also significant), although the bars that indicate that they are significantly different to zero are almost of the same length. This tool allows visual establishment of the 56 coefficients of each model which are significant as well as the sign of each effect. Hence, it is possible to predict which levels should be chosen for each factor, depending on the effect to be achieved in a specific property, allowing the design of bespoke lightweight mortars.
Workability and air content
The significant factors for the workability of mortars containing EPS made with silica sand were:
A1, A2, B1, B3, C1, C3, D1, D2 and D3 (Figure 3a) . Thus, all the studied factors had a significant influence on the workability, although factors at levels B2 and C2 were not significant.
It is also evident that the workability was reduced when powdered EPS was used (A1), when 
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From the information in Figure 3a , it is possible to choose the levels of each factor to achieve the desirable workability for masonry, rendering and plaster mortars of 175 ± 10 mm [30, 31] . For the aforementioned conditions, a flow table spread value of 204 ± 4 mm is obtained. That is, the highest workability can be achieved using EPS gr (A2), 40% content of EPS (B1), admixtures mix of 0.8A/0.1R/0.8S/6V (C1) and CEM III (D3). However, if this combination of materials is used, the obtained mortar would be too fluid to achieve the desirable workability for masonry, rendering and plaster mortars of 175 ± 10 mm [22] . Therefore, as the independent term of the fitted design (b 0 ) is 182 mm, within the acceptable range for this property, a combination of factor levels that generate a less fluid mortar is required.
This can be achieved in several ways. First, it is possible to use the same EPS content, but change the EPS type from ground to powdered EPS. This entails working with the factors A1, B1, C1 and D3. In this way, an increased flow table spread of 189 ±4 mm is achieved.
Consequently, the resultant mortar is less fluid and closer to the required workability value. The influence of the geometry and particle size of the waste EPS on the workability of the mortars made with silica sand is clearly demonstrated, because the use of EPS pw reduces workability by 10.8% compared to the EPS gr.
Other modifications are required to achieve mortars which comply with the standards [22] . Using Air content is linked with workability and compressive strength, and allows an assessment of whether the mortar is homogeneous. A high air content is associated with high workability and low compressive strength. The standards do not specify a value for the air content, but in practice, a value between 20-30% is accepted for manufacturers for commercial masonry, plastering and rendering mortars. Previous work has demonstrated that the presence of EPS increases the air content in mortars [16] . Figure 3d ) the significant factors were: C1, C2, C3, D1 and D2 and none of the interactions were significant. Hence, the air content solely depends on the admixture mix and the cement
type. The b 0 value fitted by the model was 29 %, within the acceptable interval for commercial mortars (20-30%). However, it is still possible to decrease the air content slightly, to obtain an intermediate value for this property. Using EPS pw, the highest EPS content (60%), the mix with the lowest amount of admixtures and the cement with the highest amount of clinker (A1, B3, C3 and D1) it is possible to reduce the air content to 21 ± 2 %. Applying sustainable criteria leads to mortars with the highest waste EPS content, the lowest amount of admixtures, and cement with the lowest clinker content. The combination A1, B3, C3 and D3 and also A2, B3, C3 and D3 makes this possible, with predicted values of 26 ± 2 % and 28 ± 2 % respectively.
Compressive and adhesive strength
The compressive strength of control mortars with silica sand at 28 days curing time were 45.6 ± 3.7 MPa, 43.9 ± 3.0 MPa and 44.6 ± 2.7 MPa for CEM I, CEM II and CEM III, respectively. This mortar can be classified as M5 with respect to the standard for masonry mortars [31] and CSIII regarding the standard for rendering and plastering mortars EN 998-1 [30] .
The model also shows that, when EPS gr (A2) is used, the compressive strength is reduced, although interactions also need to be considered. The combination of factors and levels A2, B1, C1 and D2, and since B1 and B3 are not significant levels, the combination A2, B3, C1 and D2, produce compressive strength values of 13.0 ± 1.1 MPa and 12.2 ± 1.1 MPa, respectively.
These mortars are classified as M10 masonry mortars [31] and CSIV with respect to the rendering and plastering standard [30] . If an intermediate amount of waste EPS is used, namely 50% (B2), the model predicts that the compressive strength decreases by 39.2 %, to 7.9 ± 1.1MPa, compared to mortars containing 40% or 60% EPS.
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Manufacturing a sustainable mortar can be achieved using A2, B1, C2 and D2 (7.3 ± 1.1 MPa), A2, B1, C1 and D3 (7.0 ± 1.1 MPa) or A2, B3, C2 and D2 (6.8 ± 1.1 MPa). These values are not significantly different to the fitted b 0 (6.6 MPa). These mortars are classified as CSIII, CSIV for rendering and plastering mortars [30] and M5 for masonry mortars [31] . the value is 10.2 ± 1.0 MPa. All the above mentioned mortars can be classified as CSIV rendering and plastering mortars [30] and M10 masonry mortars [31] .
It is important to highlight that mortars made with crushed limestone sand can achieve the same strength as those made with silica sand. However, when using limestone, it is possible to make mortars using the lowest admixture (C3) and the lowest clinker content (D3). Therefore, the influence of sand type on the compressive strength is shown again. Further, the negative effect of ground EPS on this property is reflected in combinations of factors and levels when the EPS type changes. For example, A1, B1, C3 and D1 gives a compressive strength of 11.4 ± 1.0 MPa and A2, B1, C3 and D1 gives 8.1 ± 1.0 MPa, which is a reduction of 29%. Mortars made with waste ground EPS can be classified as CSIV for rendering and plastering applications [30] and M5 for masonry applications [31] . 
Bulk density and capillary absorption
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Comparing Figures 4a and 4b , with Figures 5a and 5b, it is observed that the tendencies between compressive strength and bulk density are the same for both types of sand, since the same significant factors apply. This is consistent with the similar physicochemical properties of these materials, and this confirms the validity of the fitted design chosen in this research. This gives a predicted bulk density value of 1400 ± 100 kg/m 3 , which is not a lightweight mortar according to the standard for rendering and plastering applications [30] . However, by increasing the amount of admixtures (A2, B3, C1 and D3) a value of 1200 ± 100 kg/m 3 is obtained, which can be considered a lightweight mortar.
The last property studied was the capillary water absorption, which was included to assess mortar durability. According to the standard for rendering and plastering applications, mortars 2) For mortars made with silica sand, both types of waste EPS could be increased from 40% to 60% without significantly decreasing the compressive strength. To achieve this, the mix of Figure 5 Graphic analysis of the effects of the studied experimental factors on the response for bulk density (28 days curing time) and the capillary absorption coefficient for mortars made with silica sand and limestone sand. Light orange bars are for significant coefficients (5% significant level); dark blue bars are for the non-significant ones (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article) 
